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NC-ND license (http://creativecommoBackground: Carbon monoxide (CO) poisoning is one of the common causes of poisoning in pa-
tients and can result in significant morbidity and mortality. However, few studies have focused
on the pediatric group.
Methods: We retrospectively reviewed children (age < 18 years) with CO poisoning from non-
fire accidents at a tertiary medical center in Taiwan from 2002 to 2010. We analyzed the pa-
tients’ characteristics, management, and outcome; compared the data of patients who
received hyperbaric oxygen (HBO) to those who received normobaric oxygen (NBO) therapy;
and identified the ri0sk factors for patients who developed delayed neurological sequelae
(DNS) or permanent neurological sequelae (PNS).
Results: A total of 81 children were enrolled. The annual case number increased from five
cases in 2002 to 20 in 2010, particularly during the cold months (December to February).
The most common source of exposure was an indoor heating system (54.3%). The most common
presenting symptoms were vomiting (32.1%) and consciousness changes (30.9%). HBO treat-
ment tended to be administered to patients with a higher initial COHb (%) (p < 0.001), an
initial Glasgow coma scale change (p < 0.001), and admission to the hospital (pZ 0.002). After
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Pediatrics and Neonatology (2016), hconsciousness (p Z 0.002) was the only independent risk factor for patients with DNS; only
rescue by a ventilator (p < 0.001) was an independent risk factor for patients with PNS. In com-
parison to the NBO therapy, HBO treatment did not show benefit or harm to patients according
to the incidence of inducing DNS or PNS after multivariate analysis.
Conclusion: For those with treatment in the intensive care unit because of prolonged loss of
consciousness and rescue by a ventilator, special attention should be given and follow-up
should be performed to determine whether DNS or PNS occurs, particularly epilepsy and cogni-
tive deficits.
Copyright ª 2016, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).1. Introduction
Carbon monoxide (CO), an odorless gas formed during an
incomplete combustion of organic material, is one of the
most common poisons found in patients at the emergency
department (ED).1 In the United States, about 50,000 ED
visits annually are attributed to CO poisoning, resulting in
about 1000e2000 deaths annually.2 In England, 4000 ED
visits and 40 deaths are noted annually.3 In Taiwan, from
1997 to 2003, a significant increase from 1.6e3.5/106
person-years was found in the rate of unintentional deaths
from CO poisoning induced by inappropriately ventilated
gas heating appliances, fires, and automobile exhaust
fumes4; these causes were similar in Florida, and most
(50e70%) of them occurred within the home.5
CO, which has 210 times the affinity for hemoglobin than
that of oxygen, impairs oxygen delivery and peripheral
utilization. CO can cause cellular hypoxia, subsequent
oxidative stress and inflammation, and possibly neurolog-
ical, cerebrovascular, or cardiovascular disorders, including
encephalopathy, ischemia, and peripheral nerve injury.6e11
The outcome of poisoning is correlated with the initial
carboxyhemoglobin (COHb) level, exposure duration, and
underlying diseases of the exposed adult patients.1,12
After acute CO poisoning, two neurological syndromes
may occur: permanent neurological sequelae (PNS) and
delayed neurological sequelae (DNS).6 The symptoms and
signs range from subtle headache, mood disorders, per-
sonality changes, and memory loss to focal neurological
injuries and severely disabling manifestations of hypoxic
brain injury. PNS is characterized by central nervous system
(CNS) symptoms or signs persisting for more than 3 months
after CO poisoning. DNS is characterized by the develop-
ment of new CO poisoning-associated symptoms or signs
that may occur dramatically and abruptly after a period of
days to weeks. About 40% of adults with CO exposure
develop DNS. In the pediatric population, the incidence of
DNS is lower (3e17%).13 A lack of pupil reflex and a loss of
consciousness have been found to be independent pre-
dictors of neurological sequelae in patients with CO
poisoning.14 However, the risk factors for pediatric patients
developing DNS or PNS remain unknown.
Whether hyperbaric oxygen (HBO) treatment prevents
the occurrence of DNS remains controversial.6,15 Some au-
thorities recommend specific indications for HBO therapy
(e.g., severe CO poisoning, prolonged exposure, pregnancyhang Y-C, et al., Risk Factors an
ttp://dx.doi.org/10.1016/j.pednor COHb levels 25%); however, there is no absolute indi-
cation for HBO therapy for patients with CO poisoning. The
mortality rate for HBO-treated CO-poisoned patients is
2.6%; factors most strongly associated with mortality are
severe metabolic acidosis and the need for endotracheal
intubation.16 Whether HBO treatment benefits pediatric
children remains to be determined.
Currently, few studies have focused on pediatric pa-
tients with CO poisoning. We performed a cohort study to
analyze pediatric patients with CO exposure over 9 years at
a medical center and analyzed the risk factors correlated
with DNS or PNS.
2. Methods
2.1. Ethics
The present retrospective observational study was
approved (Institutional Review Board number: 101-4247B)
by the Medical Ethics Committee of Chang Gung Memorial
Hospital, a 3700-bed tertiary referral center with 24-hour
HBO service, and complied with the guidelines of the
Declaration of Helsinki.
2.2. Study design, setting, study population, and
inclusion criteria
From January 2002 to December 2010, we reviewed pedi-
atric patients (age <18 years) with a diagnosis of CO
poisoning who received treatment at Chang Gung Memorial
Hospital, a 3700-bed tertiary medical center. Most patients
with CO intoxication were referred from other hospitals.
We excluded those from fire accidents to avoid confounding
factors.
2.3. Data collection and definition of variables
We recorded the patients’ age and sex, causes of CO
poisoning, initial presentations, first arterial blood gas and
initial COHb levels, imaging studies, management, inten-
sive care unit (ICU) stays, development of DNS, and
outcome by chart review and telephone interview. All pa-
tients were followed for at least 6 months. For those
developing PNS, they were followed for more than 1 year.
We defined “consciousness change” as any changes in thed Outcome Analysis in Children with Carbon Monoxide Poisoning,
eo.2016.03.007
Figure 1 (A) Yearly distribution of children with carbon
monoxide poisoning from 2002 to 2010. (B) Monthly distribution
of children with carbon monoxide poisoning in the study
period.
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as a GCS score less than 6. Diagnosis of CO poisoning was
based on the history of CO exposure, clinical symptoms,
and an elevated COHb level.
Diagnosis of DNS was made in patients with full con-
sciousness recovering from acute CO poisoning events, and
the recurrence of original neurological symptoms or
development of new neuropsychological symptoms within
days and months.17,18 Neurological symptoms that persisted
for more than 3 months were considered PNS.
We analyzed the patients’ epidemiologic data and
characteristics, comparing patients who received HBO
treatment [at 2.5 atmosphere absolute (ATA) for 90 minutes
per day, 1e3 times, depending on the individual condition]
to those who received normobaric oxygen (NBO) treatment.
As patients with more severe symptoms were prone to
receive HBO treatment and those with less severe symp-
toms might receive NBO therapy, we designed a multivar-
iate analysis in risk factor study in DNS and PNS of patients
to avoid the confounder of disease severity.
2.4. Statistical analysis
Data were recorded and entered into a database. Analyses
were performed using SPSS software, v. 17.0 (SPSS Inc.,
Chicago, IL, USA). Student t test was used to compare
continuous data. Chi-square test, Fisher’s exact test, or
analysis of variance was used when appropriate to compare
proportions. Logistic regression was used to analyze the
independent risk factor of DNS or PNS in this study. Vari-
ables with a p value < 0.2 in the univariate analysis were
added in a stepwise manner and selected to determine the
final model for multivariable analysis. All statistical ana-
lyses were two-sided, and significance was set at p < 0.05.
3. Results
During 9 years, 82 pediatric patients were diagnosed with
CO poisoning from nonfire accidents. One patient died
within in 1 hour after arriving at the ED because of massive
burn injury and was thereby excluded from this study. Thus,
81 patients were enrolled. Figure 1 shows the epidemiology
of patients that increased from five cases in 2002 to 20
cases in 2010, and most cases were found during the cold
months (December to February). Table 1 shows the char-
acteristics of these patients. There were 47 boys and 34
girls. The mean age was 6.16  3.28 (range, 0.11e12.21)
years. The most common sources of exposure were an in-
door heating system (54.3%) and improperly vented heater
exhaust (28.4%). The most common presenting symptoms
were vomiting (32.1%) and consciousness changes (30.9%).
Initial consciousness loss was noted in five patients (6.2%),
and four patients (4.9%) had seizures.
The mean initial COHb level was 20.99  7.67% (range,
6.9e37.2%). The mean arterial blood pH level was
7.34  0.11 (range, 6.972e7.613). Twenty-eight patients
had acidosis (pH < 7.35). In 21 patients undergoing elec-
troencephalography (EEG) examination, eight had abnormal
records. Twelve (14.8%) patients had computed tomography
or magnetic resonance imaging examinations, and five had
abnormal findings, including four hypoperfusion changesPlease cite this article in press as: Chang Y-C, et al., Risk Factors an
Pediatrics and Neonatology (2016), http://dx.doi.org/10.1016/j.pednover the basal ganglia and one brain edema. Two patients
with hypoperfusion changes over the basal ganglia on brain
magnetic resonance imaging had DNS.
Twenty-one patients (25.9%) received HBO treatment.
Table 2 compares patients who received HBO and NBO
treatment. The patients with higher initial COHb level and
initial consciousness changes were more commonly treated
by HBO (p < 0.001). Patients undergoing HBO treatment
tended to be admitted (p Z 0.002) and develop DNS
(pZ 0.006), but this might be induced by the confounder of
more severe symptoms found in patients with HBO treat-
ment. The following multivariate analysis was necessary to
delete this confounder.
DNS developed in 12 patients. Four had various degrees
of cognitive deficit, four had seizures, two had personality
changes, one had involuntary movement, and one had limb
weakness. All of these DNS complications occurred within
1 month. Patients with DNS tended to have an initial GCS
score change (p Z 0.007), to be admitted to the ICU
(p Z 0.002), and to receive HBO treatment (p Z 0.010;
Table 3). After multivariate analysis, treatment in the ICU
because of prolonged loss of consciousness (pZ 0.002) was
the only independent risk factor for patients with DNS.
Most patients recovered without sequelae except for
eight with PNS. Among these eight patients, four patients’
PNS was converted from DNS. Four patients received anti-
convulsant treatment for more than 6 months. Two patients
had cognitive defects, and one had involuntary movement
for 3 months. One had emotional problems that were fol-
lowed up at a psychiatric outpatient department. Patients
with PNS tended to have an initial GCS score change
(p Z 0.009) and a lower initial pH (p Z 0.028), to bed Outcome Analysis in Children with Carbon Monoxide Poisoning,
eo.2016.03.007
Table 1 Demographic and clinical characteristics of 81
children with carbon monoxide poisoning.
Features Patients (%)*
n Z 81
Characteristics
Age at diagnosis (y) 6.16  3.28
Sex (male/female) 47/34
Mechanism of CO poisoning
Indoor heating system 44 (54.3)
Shower 23 (28.4)
Smoke 6 (7.4)
Suicide 1 (1.2)
Others causes (unspecific) 7 (8.6)
Initial Symptom
Vomiting 26 (32.1)
Conscious change 25 (30.9)
Headache 18 (22.2)
Dizziness 14 (12.3)
Lethargy 5 (6.2)
Consciousness loss 5 (6.2)
Seizures 4 (4.9)
EEG test 21 (26.0)
Positive findings 8 (9.9)
Focal epileptiform 4 (4.9)
Cortical dysfunction 4 (4.9)
CT/MRI Examination 12 (14.8)
Positive findings 5 (6.2)
Hypoperfusion 4 (4.9)
Brain edema 1 (1.2)
Echocardiography 7 (8.6)
Intensive care unit stay 17 (21.0)
Delayed neurological sequelae 12 (14.8)
Permanent neurological sequelae 8 (9.9)
Epilepsy 4 (4.9)
Cognitive defect 2 (2.4)
Emotional problems 1 (1.2)
Involuntary movement 1 (1.2)
CO Z carbon monoxide; CT Z computed tomography;
EEG Z electroencephalography; MRI Z magnetic resonance
imaging.
* Data are presented as mean  standard deviation for
continuous variables and number of cases (%) for categorical
variables.
Table 2 Comparison of patients with HBO and NBO
treatment.
Features HBO
Group (%)*
n Z 21
NBO
Group (%)*
n Z 60
p
Initial COHb (%) 27.4  7.3 17.6  6.3 <0.001
Initial GCS change 13 (61.9) 12 (20.0) <0.001
CT/MRI positivey 3 (14.3) 2 (3.33)
EEG positivey 3 (14.3) 5 (8.3)
Hospitalization 13 (61.9) 12 (25.0) 0.002
Treatment in ICU 6 (28.6) 11 (18.3) 0.325
Delayed neurological
sequelae
7 (33.3) 5 (8.3) 0.006
Permanent neurological
sequelae
3 (14.3) 5 (8.3) 0.437
CT Z computed tomography; EEG Z electroencephalography;
GCS Z Glasgow coma scale; HBO Z hyperbaric oxygen;
ICUZ intensive care unit; MRIZ magnetic resonance imaging;
NBO Z normobaric oxygen.
* Data are presented as mean  standard deviation for
continuous variables and number of cases (%) for categorical
variables.
y CT/MRI and EEG were not performed in all patients,
therefore, the rate of positive CT/MRI and EEG findings could
not be compared between the two groups.
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(p < 0.001), and have DNS (p Z 0.009; Table 4). After
multivariate analysis, only rescue by a ventilator
(p < 0.001) was an independent risk factor for patients with
PNS.
Compared to the NBO therapy, HBO treatment did not
show benefit or harm to patients in respect of the incidence
of inducing DNS or PNS after the multivariate analysis.
4. Discussion
To the best of our knowledge, this study analyzed the
largest pediatric patient population with CO poisoning in
the world. It is alarming that the annual number of cases
has increased from 2002 to 2010, particularly during thePlease cite this article in press as: Chang Y-C, et al., Risk Factors an
Pediatrics and Neonatology (2016), http://dx.doi.org/10.1016/j.pedncold months (Figure 1). One reason for this increasing
tendency might be that the attending doctor at our hospital
may be more experienced in the identification of CO
poisoning, Previous studies have indicated a CO poisoning
rate of 3.6e13.2% among childhood poisonings, and the
percentage of mortal cases is 58.2e75%.19,20 In the United
States, CO poisoning is the third most common cause of
poisoning in the pediatric population.21 In Taiwan, CO
poisoning is the second most common cause of fatal child-
hood poisoning.22 The overall case-fatality rate for CO
poisoning was reported to be as high as 30%.23,24 However,
most previous studies enrolled patients with CO poisoning
from all causes, including those from fire accidents. In
addition to the toxic effects of CO, fire accidents tend to be
accompanied by various morbidities, including burn injury,
massive fluid loss, cardiac insults, inhalation injury, and
hydrogen cyanide intoxication. Thus, the morbidity and
mortality rate would be overestimated. In the present
study, we excluded patients from fire accidents. The major
sources of CO were indoor heating systems (54.3%), fol-
lowed by the usage of fuel-burning devices without
adequate ventilation (28.4%) and exhaust fumes (7.4%).
Only one patient (1.23%) died via committing suicide. It is
estimated that the mortality rate of intentional CO expo-
sure is nearly 10 times higher than that of nonintentional
CO exposure.25,26 Most causes of pediatric CO poisoning
were nonintentional, which might explain the lower mor-
tality rate in the pediatric group than in adults. In Taiwan,
however, the mortality rate has increased annually,
partially because children have been intoxicated when
their parents attempted to commit suicide by charcoal
burning,27 which is a social issue of increasing concern.
CO is formed by the incomplete combustion of carbon-
containing compounds.25 The clinical symptoms of COd Outcome Analysis in Children with Carbon Monoxide Poisoning,
eo.2016.03.007
Table 3 Logistic regression analysis of risk factors for patients complicated with delayed neurological sequelae (DNS).
Characteristics DNS (%)*
(n Z 12)
Non-DNS (%)*
(n Z 69)
Univariate analysis Multivariate analysisy
Odds ratio
(95% CI)
p Odds ratio
(95% CI)
p
Demographic characteristics
Age (y) 5.6  3.7 6.3  3.2 0.94 (0.78e1.14) 0.554
Sex (male/female) 6/6 41/28 1.46 (0.43e5.01) 0.543
Initial Presentations
Glasgow coma
scale change
8 (66.7) 17 (24.6) 6.12 (1.64e22.88) 0.007
COHb (%) 27.7  8.3 19.2  7.2 1.09 (0.98e1.21) 0.102
pH 7.25  0.1 7.35  0.2 0.03 (0.00e0.42) 0.124
WBC (1000/mL) 11,309.1  5466.5 11,964.7  6579.5 1.00 (0.99e1.00) 0.755
Sugar 116.3  15.5 154.2  100.3 0.97 (0.90e1.05) 0.128
Positive abnormal findingsz
CT/MRI 2 (16.7) 3 (4.3)
EEG 2 (16.7) 6 (8.7)
Clinical severity
Treatment in PICU 7 (58.3) 10 (14.5) 8.26 (2.19e31.20) 0.002 6.33 (1.20e33.44) 0.030
Rescue by ventilator 2 (16.7) 4 (5.8) 3.25 (0.53e20.14) 0.205
Treatment
HBO treatment 7 (58.3) 14 (20.3) 5.50 (1.52e19.96) 0.010
COHb Z carboxyhemoglobin; CT/MRI Z computed tomography/magnetic resonance imaging; DNS Z delayed neurological sequelae;
EEG Z electroencephalography; HBO Z hyperbaric oxygen; PICU Z pediatric intensive care unit; WBC Z white blood cell.
* Data are presented as mean  standard deviation for continuous variables and number of cases (%) for categorical variables.
y All variables with a p value < 0.20 in the univariable analysis were considered for inclusion in the logistic regression model in the
multivariable analysis. A forward stepwise selection process was used. We found that only treatment in PICU were statistically significant
risk factors for patients with DNS.
z CT/MRI and EEG were not performed in all patients, so the rate of positive CT/MRI and EEG findings could not be compared between
the two groups.
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the most common presentations. For children younger
than 2 years, a history of CO exposure and clinical symp-
toms of accompanying adults are clues for diagnosis. The
acute neurological effects of CO poisoning are the result
of this cellular hypoxia. Neurological manifestations
include consciousness changes, neck stiffness, tremor,
ataxia, and a positive Babinski’s sign.28 Children may be
more vulnerable to CO exposure because of their high
metabolic rate and immature CNSs. Fifty (61.7%) patients
in this study presented with neurological symptoms on
arrival at the hospital, including headache, dizziness,
consciousness changes, and seizures. Compared to adults,
children exposed to CO become symptomatic earlier and
recover more rapidly.29
Certain tissues, such as the hippocampus and basal
ganglia, are most commonly injured because of their higher
sensitivity to ischemic injury.28 In our study, 12 (14.8%)
patients underwent brain imaging studies because of acute
neurological functional deterioration. Four (4.93%) patients
had typical hypoperfusion changes over the basal ganglia.
Our study indicated that brain insults in pediatric CO
poisoning patients corresponded with those of adult vic-
tims, but the positive rate was low. Therefore, neuroimages
should not delay therapy in patients with isolated CO
poisoning and a well-established diagnosis. Of 21 (26.0%)
patients who underwent EEG examination, eight (9.9%)
had abnormal findings, including four (4.9%) with focalPlease cite this article in press as: Chang Y-C, et al., Risk Factors an
Pediatrics and Neonatology (2016), http://dx.doi.org/10.1016/j.pednepileptiform discharges and four (4.9%) with cortical
dysfunction. Among the eight patients with an abnormal
EEG examination, four developed epilepsy, which was the
most common neurological sequela in our study.
CO is displaced from hemoglobin and eliminated from
the body via the pulmonary circulation. The elimination
half-life of CO is approximately 300 minutes in room air,
90 minutes in a reservoir or “non-rebreather” facemask,
and 30 minutes on breathing HBO.25 Our study showed that
HBO had no benefit in terms of preventing the development
of DNS or PNS, which was compatible with previous litera-
ture. Meert et al13 concluded that DNS was uncommon in
children treated with NBO. Because HBO is available at only
a few hospitals (necessitating the transfer of potentially
unstable patients), it is more expensive than NBO, and it
has the potential for complications (barotrauma and
claustrophobia); therefore, its utility over NBO should be
punctiliously evaluated and established.30
The definite pathophysiology of DNS is unknown, and
several mechanisms have been suggested, including post-
ischemic reperfusion injury, free radical-related brain lipid
peroxygenation, and nitric oxide-related CNS damage.25
Overall, the incidence of DNS is up to 40%. In the pediat-
ric group, the incidence falls between 3% and 17%.13 Twelve
patients in our study developed DNS (14.8%). The most
common symptoms were seizures and cognitive deficits.
Previous studies have indicated that the development of
DNS is poorly correlated with COHb levels, and most casesd Outcome Analysis in Children with Carbon Monoxide Poisoning,
eo.2016.03.007
Table 4 Logistic regression analysis of risk factors for permanent neurological sequelae (PNS).
Characteristics PNS (%)*
n Z 8
Non-PNS (%)*
n Z 73
Univariate analysis Multivariate analysisy
Odds ratio
(95% CI)
p Odds ratio
(95% CI)
p
Demographic characteristics
Age (y) 6.9  4.4 6.1  3.2 1.09 (0.87e1.36) 0.477
Sex, male/female 5/3 42/31 0.81 (0.18e3.66) 0.787
Initial presentations
Glasgow coma
scale change
8 (100) 17 (23.3) 53.30 (2.75e1031.95) 0.009
COHb (%) 25.3  4.9 20.0  8.1 1.09 (0.98e1.21) 0.102
pH 7.17  0.29 7.36  0.10 0.00 (0.00e0.42) 0.028
WBC (1000/mL) 13,900.0  5519.3 11,544.4  6465.1 1.00 (0.99e1.00) 0.350
Sugar 143.3  17.1 148.0  101.7 1.00 (0.98e1.02) 0.934
Positive abnormal findingsz
CT/MRI 4 (50) 1 (1.4)
EEG 5 (62.5) 3 (4.1)
Clinical severity
Treatment in PICU 7 (87.5) 10 (13.7) 44.10 (4.89e397.58) 0.001
Rescue by
ventilator
5 (62.5) 1 (1.4) 120.00 (10.48e1373.94) <0.001 215.32
(10.80e4292.31)
<0.001
DNS 4 (50) 8 (11.0) 8.13 (1.69e38.99) 0.009
Treatment
HBO treatment 3 (37.5) 18 (24.7) 1.83 (0.40e8.44) 0.437
COHbZ carboxyhemoglobin; CT/MRIZ computed tomography or magnetic resonance imaging; DNS Z delayed neurological sequelae;
EEG Z electroencephalography; HBO Z hyperbaric oxygen; PICU Z pediatric intensive care unit; PNS Z permanent neurological
sequel; WBC Z white blood cell.
* Data are presented as mean  standard deviation for continuous variables and number of cases (%) for categorical variables.
y All variables with a p value < 0.20 in the univariable analysis were considered for inclusion in the logistic regression model in the
multivariable analysis. A forward stepwise selection process was used. We found that only abnormal CT findings and rescue by ventilator
were statistically significant risk factors for patients with PNS.
z CT/MRI and EEG were not performed in all patients, so the rate of positive CT/MRI and EEG findings could not be compared between
the two groups.
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intoxication.31,32 Some studies have mentioned that a
longer CO exposure time (more than 8 hours), coma, car-
diac arrest, high COHb levels, lactic acidosis, and abnormal
findings at neuroimaging are risk factors for developing
DNS. However, their predictive values are limited.28 Our
study showed that DNS in patients was correlated with
treatment in the ICU because of prolonged loss of
consciousness.
Most patients in our study recovered completely. Eight
patients (9.88%) had PNS. In our study, PNS was correlated
with rescue by ventilator. After multivariate analysis, DNS
was not correlated with the development of PNS.5. Conclusion
In conclusion, many effects of CO resemble those associ-
ated with various acute illnesses in childhood, making it
easy to overlook the possibility of CO intoxication. Although
the mortality rate and rate of developing DNS in CO
poisoning in the pediatric group are lower than those in the
adult group, significant neurological sequelae occur in some
children. CO may have a unique effect on the maturing
nervous system. Special attention should be given to, and
follow-up should be performed on, patients treated in thePlease cite this article in press as: Chang Y-C, et al., Risk Factors an
Pediatrics and Neonatology (2016), http://dx.doi.org/10.1016/j.pednICU because of prolonged loss of consciousness and rescue
by a ventilator, to determine whether DNS or PNS may
occur, particularly epilepsy and cognitive deficits.
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